Ground calibration experiments of the SELENE high sensitivity fluxgate Lunar Magnetometer (LMAG) have been performed in order to determine the alignment, sensitivity, and offset of the sensors (MGF-S). It is checked out that the sensors are orthogonal to each other within 0.4 degrees, and the linearity of the ambient magnetic field and the output from the sensors are confirmed. Also, the temperature dependences of the offset and sensitivity are examined but no clear signatures of temperature dependencies can be seen. SELENE has an in-flight calibration system in order to determine the direction of the magnetometer routinely. The magnetic fields generated by the sensor alignment monitor coil (SAM-C) system are used for the in-flight calibration. The magnetic field distributions generated by SAM-C are determined and the accuracy of determination of the magnetometer position and direction is estimated. Multiple measurements will allow us to determine the direction of MGF-S with about 0.1-degree accuracy. Appropriate corrections from the results of the ground and in-flight calibrations will allow us to recover the magnetic field near the moon with accuracy about 0.1 nT.
Introduction
Observations of the lunar magnetic field have been conducted occasionally since 1969, from Apollo 12 to Lunar Prospector. Number of magnetic anomalies on the surface of the moon have been identified (e.g. Hood et al., 1979; Hood and Schubert, 1980; Halekas et al., 2001; Kurata et al., 2005; Toyoshima et al., 2008) , though the moon does not have an intrinsic magnetic field at present. The cause of the magnetic anomalies are still in debate (see, e.g. Hood, 1987) , and the question if the moon had generated its magnetic field in the past, probably right after the formation of the moon, still remains. Existence of a metallic core of substantial size is also an interesting question to discuss the origin of the moon and its history thereafter (e.g. Righter, 2002 ; also, Lee et al., 1997; Runcorn, 1996) . The SELENE/Lunar Magnetometer (LMAG) team aims at clarifying above mentioned issues by accumulating magnetic signatures originated from the moon such as those magnetic anomalies on the surface and also by identifying time-dependent magnetic responses which have information on the electrical conductivity of the interior of the moon (e.g. Dyal et al., 1975 Dyal et al., , 1976 Russell et al., 1981; Hobbs, 1973; Hood et al., 1982 Hood et al., , 1999 .
The LMAG has a set of tri-axis ring-core type fluxgate sensors (MGF-S) to observe the magnetic field in orbit Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
round the moon continuously during the project. The near polar orbit is designed at about 100 km altitude. Previous studies found that the magnetic field intensity of the 100 km scale magnetic anomalies observed at 100 km altitude is of order 0.1 nT. Also, accuracy of the same order of magnitude is required for the study of magnetic responses of the moon (e.g. Dyal et al., 1975) . The LMAG must fulfill the requirement for successful observations and analyses.
Designed specifications of the LMAG are shown in Table 1, which are similar to those of the GEOTAIL magnetometer (Yamamoto et al., 1996) . The noise level of the ring-core sensors is much less than 0.1 nT. Field measurements may be performed with either of the four ranges. range-0 will be (automatically) selected in actual observations orbiting the moon. The LMAG has high resolution and low noise level which are enough to detect the magnetic field signature of the moon. The MGF-S will operate from the far end of the 12-meter mast extending from the main body of SELENE to avoid the interference magnetic fields due to magnetic matters and/or electric currents of the spacecraft and other scientific instruments. The SELENE project has strict electromagnetic compatibility (EMC) conditions that the effect of each of them at the position of the fluxgate sensor is less than 0.02 nT, and all the instruments and satellite are confirmed to fulfill the requirement through EMC tests.
It is essential to know the offset, sensitivity and relative directions (alignments) of each of the fluxgate sensors beforehand by proper calibrations in order to obtain magnetic Monitoring the alignment of the MGF-S with respect to spacecraft is also required to obtain a reliable magnetic field vector in the vicinity of the moon, and thus SELENE has an in-flight calibration system. This kind of system is necessary because the mast, on which MGF-S is installed, may be deformed more or less by thermal expansion if the satellite is in day or night side and the difference of the the relative position and angle of the magnetic sensors to the spacecraft may possibly be significant. Monitoring of the magnetometer alignment can be achieved if some known magnetic field is observable. Although the geomagnetic main field can be used for satellites orbiting the earth (Olsen et al., 2003) or passing nearby the earth for swingby (Anderson et al., 2001; Dougherty et al., 2004) , it is necessary for SELENE to generate a known magnetic field by itself because it does not observe a known natural magnetic field. We have developed a sensor alignment monitor coil system (SAM-C) employing a bi-axis coil configuration in order to generate two linearly independent magnetic field. SAM-C is installed at the root of the mast, and it produces a magnetic field of about 2 nT at the position of the MGF-S. The spatial distributions of the SAM-C generated magnetic field have been determined as magnetic potential distributions by ground experiments. The details of the experiment and the results are shown in Section 3. The accuracy of the determination of the magnetometer position and alignment using SAM-C generated magnetic field is estimated. The formulation and results are also shown in Section 3.
Ground Calibration of LMAG

Sensitivity and alignment
The principle of the ground calibration of magnetometer is fairly simple; applying a known magnetic field to the MGF-S and examining the output from it (e.g. Yamamoto et al., 1996; Lohr et al., 1997; Risbo et al., 2003; Dougherty et al., 2004) . However, to control the magnetic environment and applying magnetic field and to monitor the relative alignment between the direction of MGF-S and given magnetic field need particular methods and equipments.
Calibration experiments had been carried out in the magnetic test facility in Tsukuba Space Center, NASDA (now, JAXA). The facility has a main 3-axis 15 m diameter Braunbek coil system to create almost zero-magnetic field environment by canceling the geomagnetic field and its disturbances. An equivalent Braunbek coil system, of which size is 1/10 of the main coil system, is employed to detect the geomagnetic disturbances and to feedback the information to the main system. The combination of the coil systems can control the environment against more than ±1000 nT disturbances. The main coil system achieves magnetic environment of less than 2.5 nT in the spherical space of 2.3 m diameter centering the coil system as a result.
We have followed the calibration method by Yamamoto et al. (1996) which determines the sensitivity and alignment of the magnetometer and also the direction of the known magnetic field simultaneously. Multiple configurations between the magnetometer and the coil system are employed in the method in order to determine the relative directions of the sensors and those of coil axes altogether because only one configuration is not sufficient as shown later. This was done by rotating the MGF-S around a sensor axis.
The known magnetic field is applied using a 3-axis Helmholtz coil system (calibration coil) which can produce a magnetic field within 0.05 nT accuracy in each direction if nominal applied field is 30000 nT. Cubic mirrors are attached onto the MGF-S and calibration coil system in order to setup the experiments with high accuracy using a laser alignment system. Orthogonality of the surfaces of the cubic mirrors are essential to obtain the required relative directions accurately. The precision of the right angles between the surfaces of the cubic mirrors are better than 0.1 degrees, which is the required accuracy of the MGF-S sensors. Now, the related parameters are the sensitivity of MGF-
, the transform matrix from the alignment mirror coordinate attached on MGF-S (orthogonal) to the sensor coordinate (may not be orthogonal) [C ] , the transform matrix from the coil system coordinate to the alignment mirror coordinate attached on the coil [C δ ], the transform matrix from the alignment mirror coordinate of the coil to the alignment mirror coordinate of the sensor [K] , and the zero-offsets [B offset,i ] of the sensors. By using the quantities listed above, the relationship of them may be written as
Each sensor or coil direction may be expressed with two angles in corresponding mirror coordinate as shown in Fig. 1 . Therefore, explicit forms of C and C δ are and
Note that C and C δ are very close to unit matrices. In observation equation (2), magnetic field B and setup of the experiment, i.e., the relationship between the direction of the sensor and the coil in each mirror coordinate system K are given. Then, the output from the MGF-S, M, is recorded. Intensity of the applied magnetic field is changed during the experiment for each setup. This allows us to eliminate the effect of the zero-offset B offset in Eq. (2) and also to confirm the linearity of the output from the MGF-S to the applied magnetic field. Therefore, B, K and M are used to determine components of A, C , and C δ . There are 15 unknowns to be determined in total. In actual determination of the sensitivity of alignment, matrices in Eqs. (3) and (4) are represented as range applied field (nT) range-3 0, ±25000, ±50000 range-2 0, ±300, ±600, ±900
where η is or δ. Six components are independent in C η matrix because we have conditions that row (column) vectors in C (C δ ) are unit vectors. In this case, we have 21 unknowns with six conditions. From one setup of the experiment, i.e. one K and B in the x, y, and z directions, independently, we can obtain nine equations. If we rotate the magnetometer by 90 degrees with respect to one of the coordinate, we have nine more equations but only six are independent of the previous setup. In this case, we have 21 conditions to determine 21 unknowns. This is sufficient to determine the unknowns but the equations may not be solved stably due to the influence of measurement errors. Thus, we added one more setup, rotate the magnetometer by 90 degrees around another axis, and made measurements. The number of independent equations are now 27, and determination of the sensitivity and alignment becomes relatively easy and stable.
Setups of the measurements are shown in Fig. 2 . The K matrices corresponding to the setups are the following;
where the subscript indicates each setup in Fig. 2 . The measurements were made in the room temperature (20
• C). The intensities of the magnetic field applied during the measurements are summarized in Table 2 . Figure 3 shows the example of output M in one of the experiments. We can confirm the linearity between the input magnetic field and output readings. Correlation coefficients for them are larger than 0.999 for all setups of the experiments.
The determined angles are shown in Tables 3 and 4 . Obtained angles seem to be determined stably for the range-1, 2 and 3, but some of the angles for the range-0 are significantly different from the other cases (see φ Y in Table 3 and ϕ Y in Table 4 ). This is probably due to worse signal to noise ratios for range-0, i.e., the applied magnetic field for the experiments for range-0 was not much larger than the noise, which is originated from the external field, up to 2 nT. We therefore employ the results for ranges 1, 2 and 3 in Tables 3  and 4 to find relative angles between the axes of the sensor (and also the coil). The result is shown in Table 5 . All the angles between the axes are in the range of 90±0.4 degrees.
Sensitivities are also calculated for each range using the average angles (Tables 3 and 4) . Obtained sensitivities Table 3 . Obtained angles for sensor-mirror alignment (see Fig. 1(a) ). Unit is degree. Table 4 . Obtained angles for coil-mirror alignment (see Fig. 1(b) ). Unit is degree. are summarized in Table 6 . The sensitivities were well determined within 0.2% error. 2.2 Temperature dependences of offset and relative sensitivity Determining zero-offset in Eq. (2) requires a new set of experiments: it is necessary to operate the magnetometer under almost zero magnetic field environment. We design the experiment to determine zero-offset of each sensor axis together with obtaining temperature dependences of zerooffset and relative sensitivity, the ratio of sensitivity to the reference sensitivity, as shown below. Temperature dependences should be evaluated because the operating temperature of the MGF-S in the lunar orbit is expected to vary by about 60 degrees (−30 ∼ 30
• C). Zero-offset may be determined by measuring magnetic field under almost zero magnetic field conditions. This may be done using a shield cylinder covering the sensor in the Helmholtz coil system. MGF-S was set as shown in Fig. 4 while determining the offset of the z component; the average of the four readings is the zero-offset value for the z component. The experiments were done for all the ranges by controlling the temperature stepwise from −35 ∼ 33
• C. An example of the result is shown in Fig. 5 . The results for range-3 are not shown in the figure because the resolution of this mode is low. It is seen that the offset does not depend systematically on temperature. Averages of the offset for ranges 0, 1 and 2 are shown in Table 7 . Variation of sensitivity with respect to temperature is also examined for range-0, which is mainly used for observations while SELENE is orbiting the moon. Because relative change of the reading from the magnetometer in different temperature is essential, we employed only one setup of the relative directions of the magnetometer and the coil system. It is sufficient for the present purpose if the applied field is measured by all the sensors, i.e., the MGF-S was set in the cooled box oblique to the applied field. In the experiment, −60 nT, 0 nT, and 60 nT of magnetic field is provided in the x-direction of the coil system. The temperature range was −45 ∼ 32
• C. Variation of relative sensitivity against temperature is shown in Fig. 6 . The sensitivity at 14.7
• C is taken as the reference sensitivity. There are no clear systematic temperature dependences of the sensitivity seen in the results. The maximum difference is about 1.7%, however, the total intensity change is less than 0.34%. This implies that some small mechanical movement of MGF-S might have occurred unexpectedly during the experiment such as, for example, a little change of the MGF-S body position in the cooled box. The uncertainty due to the temperature dependence or range-0 sensitivity is much less than 0.1 nT for the typical magnetic field of 10 nT, and thus the sensitivity change due to temperature do not have to be taken into considerations for analyses of the lunar magnetic field data.
In-flight Calibration Using Sensor Alignment
Monitor Coil (SAM-C)
Requirements for in-flight calibrations
It is a concern that the direction of the magnetometer may change while the satellite is in orbit, especially in case that the satellite experiences large temperature differences due to eclipses. Monitoring of the direction of the sensor is essential to maintain the credibility of the observed magnetic field. We employ the method to monitor the position and alignment of the magnetometer by measuring the known magnetic field, as is similar to the case of calibration of magnetometer in the previous section. In-flight calibrations have been made for the vector magnetometers of satellites by observing the geomagnetic field. For example, the Euler angles describing the rotation of the magnetometer with respect to the satellite were determined with accuracy of better than 4 arcsec for the Oersted magnetometer orbiting the earth (Olsen et al., 2003) . Also, observed geomagnetic field during swingby the earth were analyzed to obtain the calibration matrix for the NEAR magnetometer (Anderson et al., 2001) and to renew the alignment angles of the sensors for the Cassini fluxgate magnetometer (Dougherty et al., 2004) . As there is no well-known ambient natural magnetic field available in the lunar environment, artificial magnetic fields are generated in the satellite system for in-flight calibration for SELENE. SELENE has the Sensor Alignment Monitor Coil (SAM-C) system to generate known magnetic fields for in-flight calibrations. Note that Cassini has a similar in-flight calibration system called the Science Calibration Subsystem (SCAS, Dougherty et al., 2004) .
Because the expected magnetic field in orbit around the moon is small, typically 5-10 nT, the requirement of the accuracy of the direction determination is not as high as that for the satellite magnetometers for geomagnetic field observations. By considering the accuracy of the magnetometer (0.1 nT) and the size of the expected magnetic field, the required accuracy is of order of 0.1 degrees.
SAM-C has two coil systems, SAM-C(A) and SAM- C(B), in order to generate two linearly independent magnetic fields for in-flight calibrations. The spatial distributions of the magnetic field generated by SAM-C around the position of the magnetometer, about 12 meters away, can be used for accurate calibrations, that is, to determine the position and the rotation angles of the magnetometer with respect to the main body of the satellite. Therefore, 6 unknowns can be determined simultaneously from two independent magnetic field vectors generated by the two coils. Multiple measurements in a set of calibration can reduce the error of determination of the position and rotation angles. SAM-C is going to generate 1 Hz triangular wave, which continues with same amplitude for 10 seconds and then decays in 8 seconds. Though the sampling frequency is 32 Hz and 576 measurements for one set of calibration can be obtained, not all data can be used for the analyses because the magnetic field is not strong enough at the magnetometer position. Nevertheless, a large number of measurements are available for calibrations to reduce the estimation error of the position and alignment. Note that the decaying triangular wave is generated because not only to increase the number of measurements but also to prevent magnetizing the satellite and other instruments by the generated magnetic field.
Distribution of magnetic field by SAM-C
The spatial distribution of the SAM-C generated magnetic field has been determined by an experiment. The experiment was carried out in the magnetic test facility at Tsukuba Space center mentioned in Section 2.1. The set-up of the experiment is as shown in Fig. 7 . SAM-C was installed on a horizontal turn table placed in the center of the non-magnetic environment. The magnetic field generated by SAM-C is measured using 12 fluxgate magnetometers installed as shown in the figure. The positions of the magnetometers are listed in Table 8 . The direction of SAM-C was changed from 0 to 330 degrees at 30-degree steps in order to increase effective data of different relative positions of the magnetometers to SAM-C. The electric currents given to the coil system were ±2.0 A. Note that the maximum amplitude of the electric currents applied to SAM-C in orbit will be 2.6 A.
The distribution of the magnetic field is expressed using magnetic potential in spherical coordinate, 
where (r, θ, φ) represents standard spherical coordinate (θ = 0 coincides wish positive z direction), P m n (cos θ) is associated Legendre function, a is a certain radius, and N is the truncation degree. The Gauss coefficients (g m n and h m n ) of the magnetic potential with a = 2.1 m were determined by the experiment; see Table 9 for the case with positive electric current. It is found that the magnetic field at magnetometer position 1, 2, 3, and 4 in Fig. 7 can be expressed with the magnetic potential up to degree and order 4 with accuracy better than 3% (see Fig. 8 ). Note that nominal position of the MGF-S in lunar orbit is (11.724 m, 
The distributions of the magnetic field components around the magnetometer position by SAM-C(A) are shown in Fig. 9 .
Estimate of the determination error
We formulate a linear inversion to determine the position and direction of the magnetometer. The matrix for the inverse problem is used to estimate the expected error of determination of the position and alignment (rotation angles).
Magnetic field at position r in satellite coordinate, B SAT (r), may be written as
where g(N ) is column vector composed of Gauss coefficients shown in Table 9 , N is the truncation degree of spherical harmonic expansion in Eq. (7) (α, β, γ ) from the direction of the satellite coordinate (see Fig. 10 ). At the nominal position, the magnetic field observed by the magnetometer, B mag (r 0 ), is
where R(α, β, γ ) is the rotation matrix
The actual position and alignment of magnetometer may be different from the nominal position. Suppose that the actual position of the magnetometer is at r 0 + r and the Euler angle of the alignment (α + α, β + β, γ + γ ). Let the deviation of the magnetometer from the nominal position be small and neglect the terms second order in perturbation. Then,
where r = ( x, y, z) and
Then, the magnetic field observed by the magnetometer is
where
We may solve for the perturbations if at least two linearly independent magnetic field distributions are available for the analysis. The two independent magnetic fields generated by SAM-C fulfill the condition.
Let the magnetic field by SAM-C(A) be B SAT (A) and observed field be B OBS (A). Same notations are used for the field by SAM-C(B). Then, the equation may be written as
where the matrix V is written using Q xyz and Q αβγ . The matrix may be inverted to obtain q;
The accuracy of determination of q can be estimated using the singular values (eigenvalues) and condition number of the matrix. The condition number of the matrix V is very large, about 2400, either with (α, β, γ ) = (0, 0, 0) or (0, 0, 45) (unit in degree) if the Gauss coefficients in Table 9 are used (i.e. the electric current for SAM-C is 2.0 A). As the y-derivatives of B x and B z relative to the others both for SAM-C(A) and SAM-C(B) magnetic field are small, the expected error is very large in this case, see Fig. 9 : the components of Q xyz matrix for SAM-C(A) at the nominal position of the magnetometer are 
where the unit is nT/m. The tendency is the same for the matrix for SAM-C(B).
It is essential to determine the direction of the magnetometer at the end of the mast but the position is not essential for scientific purposes. The small y-derivatives of the magnetic field components implies that precise determination of the y position of the magnetometer is not necessary for the determination of the alignment (and also for scientific purposes). Now, let us consider a reduced problem having 5 unknowns,
and
This may be solved in a least-square sense by
The condition numbers for the case with α = β = 0 degree and γ = 0 or 45 degrees are about 17, and the determination error for each component is estimated as x = 8.8 × 10 −2 m, z = 3.7 × 10 −1 m,
and α = 1.59 degree, β = 3.86 degree, γ = 2.22 degree,
when the electric current for SAM-C is 2.0 A. The estimated error depends linearly on the magnetic field gradient of the SAM-C generated magnetic field. Because the maximum amplitude of the planned SAM-C electric current in the lunar orbit is 2.6 A, the estimated accuracy in the above is reduced by 1/1.3. The estimated error is not small enough if only one measurement is used to determine the quantities. However, as was mentioned previously, 1 Hz triangular waves are applied and measurements are made with 32 Hz. Because triangular waves are given, not all the data may be used for the in-flight calibration. Probably, taking half of the total 576 measurements, i.e. 288, in one set of calibration is a fair estimate of the effective number of measurements. The estimated error is reduced by 1/ √ 288 and the estimate of determination error for one set of calibration is x = 4.0 × 10 −3 m, z = 1.6 × 10 −2 m,
and α = 6.9 × 10 −2 degree, β = 1.8 × 10 −1 degree,
in the orbit condition. The direction of the magnetometer can be determined with accuracy of order 0.1 degree, which is sufficient for the magnetic field measurements around the moon.
Summary
The ground calibration of SELENE magnetometer has been made by a series of experiments. The linearities of the sensors are confirmed and sensitivity for all ranges are determined. The sensors are orthogonal to each other within 0.4 degree, and further correction can be made using the relative angles of the sensors. The offsets and sensitivities do not show any systematic dependencies on temperature. Thus we conclude that the accuracy of MGF-S is about 0.1 nT.
The magnetic field distributions generated by SAM-C, which is used for in-flight calibrations, are determined by the experiments. An electric current of 2 A produces a magnetic field of about 2 nT at the position of the magnetometer, which is 12 m away from SAM-C. A formulation to determine the relative position and angles of the magnetometer with respect to the main body of the satellite is given and expected error to determine the quantities are estimated. The estimated error of the direction determination is of order 0.1 degree. Therefore, it is expected that the LMAG data after appropriate corrections using ground and in-flight calibration information have sufficient accuracy to discuss the lunar magnetic anomalies, the interior of the moon and so on.
